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The aim of this study was the creation of a silicone hydrophilic
surface prior to bonding. Modifications in wetability and adhesion
properties of silicone were performed with an atmospheric plasma
torch (APPT). Surface energy variations of the substrate, both
pristine and APPT-treated, were evaluated through contact angle
measurements, studying the hydrophobic recovery of the samples
up to 24 hours of aging. Compositional and topographical changes
induced by APPT and aging were studied by atenuated total
multiple reflection mode infrared spectroscopy (ATR-FTIR), X-ray
photoelectron spectroscopy (XPS), mechanical profilometry, scan-
ning electron microscopy (SEM), and atomic force microscopy
(AFM), respectively. Adhesion pul-of tests were performed on
silicone-aluminium stud joints using three commercial adhesives,
which were Sikaflex1-252, polyurethane-based, Loctite1-330,
urethane methacrylate ester-based acrylic, and Terostat1-922,
modified silicone. Although experimental data of al the bonding
specimens led to an undesired adhesive failure, it was found that
APPT-treated samples gave higher adhesive strength than the
pristine ones, which was explained by the higher surface energy,
thus more wetable material, after APPT. This efect remained stable
for just 1 h, when the substrate began its hydrophobic recovery,
reaching the original surface energy values after 24 h of aging.
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Silicone polymers correspond to the family of polydialkylsiloxanes, with the
general formula –(Si(R2)-O)n-, the most common of which are those termi-
nated with trimethylsilyloxy groups, caled polydimethylsiloxanes (PDMS)
[1]. These elastomeric materials are often used in medical applications like
ocular lenses, syringes, or implants, due to properties such as chemical inert-
ness, low-cost, versatility, and high oxygen permeability [2]. This material
finds other fields of application such as anti-fouling adhesion thanks to its soft
surface, or insulation [3], where its hydrophobicity gives it the property of wet-
ting resistance. But this naturaly hydrophobic behaviour also appears to be
the most important shortcoming of silicone. Its low surface energy and, thus,
very poor adhesion properties, makes it necessary to functionalize and mod-
ify silicone prior to use. The increase in silicone surface energy can be
accomplished by means of diverse methods, physical or chemical, which
implies the introduction of polar moieties. One of the most popular methods
for this aim is to add surfactants to the bulk material [4,5] and the use of chemi-
cal promoters such as organosilanes [6], but it implies the use of polutant sol-
vents, which are environmentaly not friendly.
The use of plasma treatments to modify polymeric surfaces presents great
advantages: treatment on the outermost surface layer without afecting bulk
properties, versatility in the treatment of various materials, the involvement
of fast and easy experiments with controlable parameters, the prevention of
toxic waste use or generation, and the non-heating of the samples [7–9]. They
primarily act on a surface by cleaning, etching, and introducing new function-
alities, by two possible mechanisms: (a) surface grafting or (b) breakdown
of polymer chains and reaction of radical fragments with active species. A
crosslinking reaction may also take place in the inner surface layers.
Many authors have previously presented important works on PDMS
surface modification by oxygen plasma treatments [10–12]. They found
evidences of a deep propagation of oxygen plasma efects to a hundred nan-
ometers, and a hydrophobic recovery after aging assumed to be caused by the
migration of low molecular weight (LMW) oxygen-containing species from
the surface to the bulk of the material. A deeper study of hydrophobic recov-
ery of silicone rubbers was carried out by Hilborg and Geddle [13], suggesting
the folowing mechanisms:
(i) Migration of LMW species from bulk to surface;
(i) Reorientation of polar groups existing at the surface to the bulk polymer;
(ii) Condensation of Si-OH groups at the polymer surface;
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(iv) Surface adsorption of environmental contamination;
(v) Loss of oxygen containing functionalities by volatilization;
(vi) Variations of the sample roughness.
The present work deals with the observation of the surface modifications
and evolution with aging of silicone samples exposed to APPT. Some of the
main diferences between APPT and vacuum processes are the existence of
higher temperature ionic species and lack of vacuum ultraviolet (VUV) light.
These diferences have the potential to alter the surfaceviadiverse reaction
mechanisms and result in various functional groups, or at least a diferent
balance of exposed moieties.
The use of APPT devices is an interesting way to treat polymers, as it has
the possibility of performing in-line experiments and alows fast and low-cost
processes due to the elimination of a vacuum step [8, 14]. This work was
focused on the surface modification of a commercial silicone material, avail-
able to be industrialy used. The selected APPT technique alowed the creation
of a experimental procedure that could be used in a continuous process. The
hydrophobic recovery study of the silicone surface after treatment was carried
out by means of contact angle measurements and surface energy calculations,
atenuated total multiple reflection mode infrared spectroscopy (ATR-FTIR),
X-ray photoelectron spectroscopy (XPS), mechanical profilometry, scanning
electron microscopy (SEM), and atomic force microscopy (AFM). Mechanical
pul-of tests of the adhesive bonding of the silicone, both as-received
and APPT-treated, bonded with modified silicone rubber, one-component
polyurethane, and acrylic adhesives were performed, comparing the results
of the samples APPT-treated and untreated.
2. EXPERIMENTAL
2.1. Materials
Commercial PDMS samples (Ketersa, Madrid, Spain) were used. Before every
contact angle measurement or APPT treatment, specimens were softly wiped
(in order to avoid the scratching of the samples) with methylethylketone
(MEK), alowing evaporation of the solvent. Further characterization of
the as-received samples revealed the existence of a remaining talc film
(Mg3Si4O10(OH)2) on the PDMS surface, due to the manufacturing process.
For the adhesion study, three types of adhesives were chosen, which were
Sikaflex1-252 polyurethane one-component-based structural adhesive
(PU;Sika Corporation, Madison Heights, MI, USA), Loctite1-330 urethane
methacrylate ester-based acrylic adhesive (AC Loctite, Dublin, Ireland), and
Terostat1-922-modified silicone adhesive (MS; Henkel, Du¨sseldorf, Germany).
The AC adhesive needed to be used in combination with a Loctite-737 activator
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(Loctite, Dublin, Ireland), applied on the metalic part of the system. The mech-
anical properties of the adhesives are described in Table 1.
2.2. Surface Modification
Plasma treatment was achieved by using a Plasmatreat GmbH (Steinhagen,
Germany) APPT device, the operating characteristics of which are described
in Table 2. The system is equipped with a mobile platform in which the
sample is placed, as it is described elsewhere [15].
After APPT treatment, silicone samples were subjected to 15 min, 45 min,
1 h, 2 h, 3 h, 4 h, 6 h, and 24 h of aging under room temperature (24C) and
35%relative humidity.
2.3. Atenuated Total Multiple Reflection Spectroscopy
A Brucker TensorTM27 (Brucker Optik GmbH, Madrid, Spain) spectrometer
was used to obtain the infrared spectra of untreated and treated samples,
both freshly treated and aged. A diamond prism was used with an incident
angle of the IR radiation of 45and 32 scans with a resolution of 4 cm1.
Spectra were recorded from 600 to 4000 cm1, giving information on the
chemical compositions of the materials at about 5–10mm depth.
2.4. X-ray Photoelectron Spectroscopy
Chemical modifications on the outermost surface layer (about 5 nm) of the
PDMS samples were analyzed with a Surface Science SSX-100 XPS spec-
trometer (Surface Science Western, Ontario, Canada) using a monochromated
Al-KaX-ray source operating at 1486.6 eV and 200 W. Al binding energies
were referred to the C 1 s core level spectrum position for C-C and C-H (hydro-
carbons) species at 284.6 eV, subtracting a Shirley background. Variations in
the silicon, carbon, and oxygen atomic content of PDMS surface after APPT
were estimated, determining the level of oxidation achieved by the treatment.
2.5. Scanning Electron Microscopy (SEM)
A Philips, XL-30 FEI EUROPE SEM microscope (Eindhoven, Holand) with
an electron beam energy of 20 kV was used to provide the analysis of the
TABLE 1Technical Data of the Adhesives
Adhesive
Curing
mechanism
Shore A
hardness Shrinkage
Tensile
strength (MPa)
Sikaflex 252 Moisture 55 6% 4.14
Terostat 922 With activator 12 22
Loctite 330 Moisture 55 60 <2% 3.3
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physical modification of silicone with APPT and aging. Specimens were gold
coated in a PolaronTMhigh resolution sputer coater prior to obtaining the
SEM micrographs.
2.6. Atomic Force Microscopy and Roughness Measurements
The AFM studies were performed using a MultiMode Nanoscope1IV (Digital
Instruments=Veeco Metrology Group, Santa Barbara, CA, USA). The AFM
measurements were carried out at room temperature, operating in the tapping
mode, employing silicon tips with a force constant of about 40 N=m and a res-
onance frequency close to 300 kHz, recording simultaneously height and
phase images.
Direct measurements of the silicone roughness profiles both as-received
and APPT-treated were also achieved using a Hommel Tester T8000 profilom-
eter, folowing the DIN 4768 standard, yielding results of the average arithme-
tic roughness (Ra) and the averaged distance from top to botom of the
samples (Rz).
2.7. Contact Angle Measurement and Surface Energy Calculation
Sessile drop method measurements were performed with an OCA 15 plus
device from DataPhysics (Neurtek Instruments, Eibar, Guipu´zcoa, Spain). Sta-
tic drops of 2mL of deionized water, glycerol, diodomehane, nitromethane,
and 1,5-pentanediol (surface tension components of which previously
tabulated by other authors, are given in Table 3) were deposited onto smooth
and uniform silicone samples and measured after stabilization of the drop.
TABLE 3Surface Tension Components of the Test Liquids Used for the
OWRK and Good Calculus Method for Surface Energy. Data are in [mJ=m2]
Liquid cT cD cP cT cLW cþi ci
Deionized water 72.1 19.9 52.2 72.8 21.8 25.5 25.5
Glycerol 62.7 21.2 41.5 64.0 34.0 3.9 57.4
1,5 pentanediol 43.3 27.6 15.7
Diodomethane 50.0 47.4 2.6 50.8 50.8 0.0 0.0
Nitromethane 36.8 20.3 16.5
TABLE 2Operating Parameters of the APPT Device
Gas Air
Output pressure (bar) 2
Discharge tension (kV) 20
Frequency (kHz) 17
Rotation torch (rpm) 1900
dtorch-sample(mm) 6Speed (m=s) 0.2
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Surface energy of silicone was evaluated before and after APPT
treatment. Measurements on the treated surfaces included an aging study
through diferent times, from the freshly treated samples to the hydrophobic
recovery of silicone, which was estimated at approximately 24 h of storage.
Calculation of surface energy was achieved using two mathematical
methods which take into account various components related to the forces
found in the solid-liquid-vapour system formed when the drop is put on
the solid surface.
The Owens-Wendt-Rable-Kaelble (OWRK) method [Eq. 1] takes the total
surface energy of a solid as the sum of a dispersion parameter (due to
London-type forces) and a polar parameter (which arises by the action of
hydrogen bonding and dipole-dipole interactions in the system) [16].
1þcoshð Þcl
2 cDl
p ¼ cPs
q cPl
cDl
s
þ cDs
p ð1Þ
In this expression,clandcsrepresent the surface tension of liquid and
the surface energy of solid, respectively. The dispersive and polar fractions
are identified by the D and P superscripts. The contact angle of the drop
on the solid surface is represented byh. This method is the selected to under-
stand the mechanism of a surface hydrophobic recovery.
On the other hand, Van Osset al.[17] considered the surface energy as
the sum of acid-base and Lifshitz-van der Waals interactions [Eq. 2.]. The first
term includes London dipersion, Debye induction, and Keesom dipole-
dipole additive forces, while the acid-base term comprises an electron donor
and an electron acceptor component.
clð1þcoshÞ¼2 cLWl :cLWs
q
þ2 cþl:cs
q
þ cl:cþs
p ð2Þ
Lifshitz-van der Waals interactions are represented bycLW.c andcþ
terms are the electron donor and electron acceptor of the acid-base compo-
nent of the surface energy,cABs, which derives from [Eq. 3]
cABs ¼2 c:cþ
p ð3Þ
The Van Osset al.calculation method [17] results are adequate to study
the efects of a surface treatment on the adhesive properties of the tested
material.
2.8. Adhesion Tests
An adhesion Tester KN-10 device (Neurtek Instruments, Eibar, Guipu´zcoa,
Spain) was used to evaluate the modifications in adhesion properties of
silicone after APPT treatment, using aluminium studs of 20 mm diameter
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and taking into account the necessary change in units from the failure load
values (N) given by the machine to tension values (MPa). Ten samples per
studied condition were tested. A diagram of the system used for the pul-of
tests is shown in Fig. 1.
3. RESULTS AND DISCUSSION
3.1. Chemical Modification Analysis by ATR-FTIR and XPS
The ATR-FTIR spectrum corresponding to the untreated and freshly treated
PDMS samples is shown in Fig. 2. Comparing the peaks of the two samples,
it is observed that APPT yields a modified polymeric surface characterized
by the appearance of a low intensity absorption band at around 3674 cm1
(Fig. 2b, in detail). This peak is assumed to correspond to the hydroxyl of
the isolated silanol groups (Si-OH) and not to water adsorption on the silicone
surface. A decrease in intensity is also observed for the CH3(1259 and
2954 cm1) and Si-((CH3)2) (787 cm1) bands, while the peaks which arise
from Si-C (867 cm1) and Si-O-Si (1008 cm1) backbone components of
silicone do not sufer any remarkable variation in intensity.
A strong shoulder near 1100 cm1is observed in the spectrum of the
untreated material (Fig. 2a). This peak reveals the existence of (Mg3Si4O10
(OH)2), confirmed by the low intensity sharp band near 3660 cm1(Fig. 2b,
in detail). Bodaset al.studied the efects of oxygen plasma on addition-rubber
silicone [18], demonstrating that the penetration depth of the treatment
increased as the wave number decreased. They found that the oxygen surface
modification went approximately 100 nm deep into the sample, as no changes
FIGURE 1Diagram of the adhesive bonding. An aluminium stud is set onto a PDMS sheet,
using the three types of adhesives (AC, MS, and PU). Failure load of the samples is measured
and transformed into tensile values by means of the adhesive bonding area (A).
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on the spectral intensity of surface bands, located at 1015 and 785 cm1, was
observed. In the present work, it is a decrease in Si-((CH3)2) peak intensity of
27%that was found. This fact seems to confirm that a surface modification is
taking place with the APPT treatment, eliminating methyl groups from the sur-
face by linkage scission or reorienting them to the bulk. Zhuet al.explained
the elimination of methyl groups on silicone surfaces subjected to corona dis-
charge [19] by the fact that the energy of part of the plasma photons is larger
than the binding energy of the Si-O-Si and Si-CH3linkages. The reorientation
of these groups to the bulk is explained on the basis of hydrophobic recovery,
encouraging Si-CH3to remain on the surface and for oxidized species to
re-orient. In this case, it is assumed that APPT has high temperature ions
and appreciable short wavelength light, so the loss of Si-CH3could derive
from ion impact.
Also, peaks corresponding to the PDMS surface layer, located at 668 and
702 cm1, duplicate their intensity with treatment.
A deeper understanding of the outermost modifications is given by XPS
analysis. Typicaly, APPT treatment of silicone removes CH3and oxidizes
the silicone to silica on the surface, but the data (Table 4) show a negligible
oxidation of silicone when APPT is applied. The increase in carbon content
FIGURE 2ATR FTIR spectra of the silicone samples (a) as received and (b) APPT treated. In
the detail is presented the new peak at 3674 cm1which appears on the APPT PDMS. (Color
figure available online.)
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and decrease in silicon seems to indicate that a reorientation of the surface
functional groups is taking place, with silicon-containing moieties being
buried into the bulk, while the carbon segments get more exposed.
Carbon 1 s curve fiting of the as-received samples (Fig. 3a) shows a typi-
cal PDMS surface, adjusted to just one peak at a binding energy of 284.6 eV
corresponding to the C-H linkages of the PDMS methyl groups. When the
material is subjected to APPT (Fig. 3b), the C-O signal arises, confirming the
insertion of oxidised polar functionalities in the PDMS surface.
The intensity of the C-O peak reveals that the extent of introduced polar
groups in the PDMS surface is not as large as would be inferred from
the FTIR-ATR spectra (Fig. 2), as Table 3 shows. These data suggest that it
is possible that the efects of APPT on the silicone surface are taking place
TABLE 4Elemental Composition of PDMS Both Pristine and APPT Treated
PDMS surface state %C %O %Si
As received 43 31 26
APPT treated 47 32 18
FIGURE 3C 1 s curve fiting of the PDMS (a) as received and (b) after APPT treatment. (Color
figure available online.)
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in a deeper layer of the material than that detected by XPS,i.e., below the
nanometer scale.
The analysis of the aging efects on the APPT-treated specimens assessed
by ATR-FTIR is shown in Fig. 4. From these spectra it can be inferred that
no diferences are obtained for APPT silicone aged up to 24 h, resembling
indeed the band intensities and the dramatic reduction of the peak area
corresponding to the acid groups (shoulder at 1074 cm1). It has to be
remarked that the spectrum of the untreated surface looks like it has a strong
talc component while the spectra of the treated surfaces seem to be lacking in
that.
These data suggest that a time stable APPT-treated silicone surface has
been generated, which does not correlate with the hydrophobic recovery
results after a short period of time obtained by other authors for plasma-
treated PDMS [10].
3.2. Study of Hydrophobic Recovery through Surface Energy
In order to evaluate in depth the ATR-FTIR results, a surface energy study
through aging time was achieved using contact angle measurements of
deionized water, glycerol, diodomethane, nitromethane, and 1,5-pentanediol.
It can be seen that APPT treatment increases, to an important extent, the
PDMS surface energy (Fig. 5a), from an initial value of 17.67 3.55 mJ=m2for
the pristine samples (due to the hydrophobic aliphatic groups surrounding
FIGURE 4ATR FTIR spectra of the pristine samples, APPT freshly treated, and aged up to 1,
6, and 24 h. (Color figure available online.)
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the siloxane chains) to 34.93.6 3.67 mJ=m2for the freshly treated ones.
Surface energy sufers an almost linear increase during the first 15 minutes
after APPT exposure and after that time begins to lower until a surface energy
plateau is reached in 1 h, almost corresponding to the pristine data. It has to
be remarked that this enhancement of surface energy is related to a higher
polar fraction (82%), and presents the same behaviour as the total energy
(a dramatic increase just after APPT exposure folowed by a recovery until
a plateau is achieved after 1 h), with a disperse component almost stable
in al the conditions. This result is assumed to derive from the introduction
of new functionalities of a polar nature, thus yielding hydrophilic behaviour.
Considering the ATR-FTIR spectrum, changes in hydrophobicity are assumed
to be caused by the appearance of the Si-OH moieties and the decrease on
the amount of hydrophobic methyl groups from the PDMS surface. As was
expected, the same tendency was observed for the results obtained by the
acid-base approximation. The Lifhistz-Van der Waals component (Fig. 5b),
which takes into account disperse interactions, sufers variations with APPT
of 47%, which is reduced to 22%with aging. The most significant changes
are observed for the Lewis base component, which is highly enhanced by
APPT, from an almost nul value to 20.47 6.72 mJ=m2. Although this compo-
nent begins to recover the initial value after aging 1 h, as was assumed
considering the results of the components obtained by the OWRK method,
the treated surface retained a certain electron-donor character. Variations
incAB,cLW, andc-results are observed during aging, which is expected to
be caused by the existence of heterogeneities in the PDMS samples, which
afects the contact angle measurements due to the extreme dependence of
this technique on the solid surface. The Lewis acid fraction was slightly
increased with plasma and gradualy recovers the native value.
FIGURE 5Study of the PDMS surface energy subjected to APPT and aged for 24 h, calculated
by the (a) OWRK method and (b) Van Oss and Good acid base approximation. (Color figure
available online.)
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3.3. Topographical Modifications of Silicone: SEM, AFM and
Roughness Measurements
APPT treatment is known to produce not only chemical modifications on a
polymer, but also surface etching [20]. The first atempt to evaluate variations
in the silicone topography was achieved by obtaining the Raand Rzroughness
parameters using a mechanical profilometer (Fig. 6). Results show a slight
roughness modification with APPT treatment, with a drop of Rafrom 0.20
to 0.17mm, while the Rzparameter rises from 1.26 to 1.67mm, which is indica-
tive of the generation of a most prominent peak-valey surface. The inte-
gration of the total surface roughness did not sufer significant variations.
A more exhaustive examination requires the acquisition of SEM images,
shown in Fig. 7. The pristine surface (Fig. 7a) presents a smooth surface
formed by homogeneously distributed cracks and some particle detachment.
When PDMS is exposed to APPT (Fig. 7b), particles are removed from the
surface or apparently coalesce, exhibiting higher micrometric averaged size.
A similar surface was observed after 12 h of aging, so no physical recovery
can be assumed from these results.
Another approach to the chemical composition of the studied samples
was performed using the energy dispersive X-ray analysis (EDX) probe pro-
vided in the SEM device. As is shown in Table 5, PDMS specimens are mainly
composed of a siloxane backbone (Si, O) with aliphatic functionalities (C).
The existence of an amount of magnesium comparable to the carbon
content is observed, which is assumed to come from the manufacture of
the commercial material.
The surface of the samples in the native state, exposed to APPT and
subjected to aging, was also examined using AFM microscopy (Fig. 8). It is
FIGURE 6Roughness parameters of the APPT treated and as received silicone. (Color figure
available online.)
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observed that the pristine surface (Fig. 8a), constituted of grooves and some
dimpled zones distributed in a homogeneous way, sufers an important
decrease in roughness with APPT, from 1.6 to 0.9mm, even though the difer-
ence between the top peak and the low valey is much more marked, as was
expected from the profilometry results. After 15 min of aging, the surface
peaks distribution begins to change, going through a maximum roughness
of 2.1mm (Fig. 8c) to a 1.8mm plateau (Fig. 8d–e) achieved after aging 2 h.
The final roughness after 24 h of storage difers only approximately 12%from
the native one. These results confirm the data given by mechanical profilome-
try, which yielded a variation of 15%on the Raroughness parameter between
untreated and APPT-treated surfaces.
3.4. Adhesion Pul-Of Tests
The results of the adhesion tests are shown in Fig. 9. The first conclusion of
the experiments is that the most suitable adhesive to bond this material with
the aluminium studs is the AC, the tensile strength values of which are, for al
the experimental conditions, approximately 25%and 60%higher than the MS
and the PU results, respectively. The hydrophilic enhancement achieved by
the exposure of PDMS substrates to APPT alows the atainment 37–23%bet-
ter adhesion results. The most dramatic increase on adhesion with APPT is
observed for the MS adhesive. The as-received surfaces yield 0.42 kPa, while
the APPT samples are enhanced up to 0.67 kPa. The same recovery tendency
FIGURE 7100 magnification SEM micrographs measured on the samples: (a) native, (b)
immediately after APPT, and (c) aged 12 h. In detail are presented the 650 magnification
images.
TABLE 5EDX Atomic Composition of the PDMS Surfaces Untreated,
Freshly APPT treated, and 24 h Aged
Element As received%At. APPT%At. APPT 24 h aged%At.
Si 30.92 31.21 30.43
O 34.96 35.56 33.62
C 21.82 22.01 22.96
Mg 12.30 11.42 12.99
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is found for the three adhesives, where the APPT tensile strength result tends
to decrease with aging, at a rate of approximately 16%after the first hour,
and 23%after a day.
Considering the surface energy and hydrophobic recovery mechanisms
suggested by Hilborg and Geddeet al.[13], and taking into account the
FIGURE 8(10 10)mm2 area AFM images of (a) native silicone, (b) immediately
APPT treated and aged (c) 15 min, (d) 2 h, (e) 3 h, and (f) 24 h. (Color figure available online.)
FIGURE 9Tensile strength results of the tested adhesive bonding. Experiments were
performed on the untreated, freshly APPT treated, and aged for 1 and 24 h PDMS samples.
(Color figure available online.)
14
experimental results obtained in this work, it can be assumed that the PDMS
hydrophobic recovery is produced by a sum of efects, which are the poss-
ible migration of LMW fragments of the polymer from bulk to surface, the
reorientation of hydrophilic surface groups to the bulk, induced changes
in surface roughness during the aging process (although they considered this
efect to be less likely to afect the recovery process, the experimental data
indicate that a modification in roughness afects the adhesion properties),
and, eventualy, the consideration of adsorption of environmental polutants.
No condensation of Si-OH groups at the surface can be assumed,
because ATR-FTIR spectra present no significant diferences between the
APPT recently treated sample and the aged surfaces, showing the existence,
in al of them, of the low intensity OH peak corresponding to silanol groups
located at 3674 cm1. It is also impossible to conclude that oxygen-containing
functionalities have been lost, because both infrared, XPS, and EDX analysis
show that the variations in the atomic weight oxygen percentage between
untreated, APPT, and 24 h of aging samples are minimal.
4. CONCLUSIONS
Commercial PDMS samples were exposed to APPT and subjected to aging in
order to evaluate the possible modifications in surface energy, thus, adhesion
properties, of the samples. It was observed that APPT indeed enhanced sur-
face energy by achieving a more polar surface with a certain electron-donor
character. Si-OH groups were introduced on to the polymeric surface,
while hydrophobic methyl groups were removed or buried in the bulk of
the polymer.
A decrease of the averaged total roughness was also observed for the
freshly-treated samples, while the diference between the extreme peak-
valey was enhanced.
A clear improvement in the PDMS adhesion properties was achieved,
due both to the creation of a more hydrophilic surface susceptible to be
weted by the adhesive and the creation of a major anchoring area. Among
the studied adhesives, AC presented the highest results for al the experi-
mental conditions (0.58–0.83 kPa), while the low tensile strength values
observed for the PU (0.23–0.37 kPa) made it the most unsuitable adhesive
to be used in this system.
Hydrophobic recovery of the specimens took place in just 1 h of aging,
yielding a reduction in surface energy (both total and polar), a recovery of
roughness (1.4mm), and a decrease in adhesion.
Although al the samples yielded an adhesive failure mode, it was
confirmed that APPT positively increases PDMS hydrophilic behaviour, and
that this material tends to recover its native properties in a short period of
time of just 1 h.
15
ACKNOWLEDGMENTS
Financial support from the Universidad Carlos II de Madrid Foundation and
Chemistry and Materials Technological Institute ‘A´lvaro Alonso Barba’ are
acknowledged, as wel as from the Universidad Pontificia Comilas (ICAI)
(Spain).
REFERENCES
[1] De Buyl, F.,Int. J. Adhesion and Adhesives21, 411–422 (2001).
[2] Yager, P., Edwards, T., Fu, E., Helton, K., Nelson, K., and Tam, M. R.,Nature
442, 412–418 (2006).
[3] Esfandeh, M., Mirabedini, S. M., Pazokifard, S., and Tari, M.,Coloids and
Surfaces A302, 11–16 (2007).
[4] Grundke, G., Michel, S., Knispel, G., and Grundler, A.Coloids and Surfaces A,
1317, 598–609 (2008).
[5] Lee, D. Y., Oh, Y. I., Chung, K. H., Kim, K. M., and Kim, K. N.,J. Appl. Polym Sci.
92, 2395–2401 (2004).
[6] Gao, S. H., Gao, L. H., and Zhou, K. S.,Appl. Surf. Sci.257(11), 4945–4450
(2011).
[7] Parvinzadeh, M. and Ebrahimi, I.,Appl. Surf. Sci.257, 4062–4068 (2011).
[8] Conrads, H. and Schmidt, M.,Plasma Sources Sci. and Technol.9, 441–454
(2000).
[9] Fauchais, P., Vardele, A., and Dussoubs, B.,J. Thermal Spray Technol10(1),
44–66 (2004).
[10] Murakami, T., Kuroda, S., and Osawa, Z.,J. Coloids and Interfaces202, 37–44
(1998).
[11] Ferguson, G. S., Chaudhury, M. K., Biebuyck, H., and Whitesides, G. M.,Macro
molecules26, 5870–5875 (1993).
[12] Owen, M. J. and Smith, P. J.,J. Adh. Sci. Technol8, 1063–1075 (1994).
[13] Hilborg, H. and Gedde, U. W.,IEEE Dielectrics and Electrical Insulators6, 703–
717 (1999).
[14] Tendero, C., Tixier, C., Pascal, T., Desmaison, J., and Leprince, P.,Spectrochi
mica Acta Part B: Atomic Spectroscopy61, 2–30 (2006).
[15] Encinas, N., Dı´az-Benito, B., Abenojar, J., and Martı´nez, M. A.,Surf. Coat. Tech
nol.205, 396–402 (2010).
[16] Owens, D. K. and Wendt, R. C.,J. Appl. Polym. Sci13, 1741 (1969).
[17] Van Oss, C. J., Good, R. J., and Chaudhury, M. K.,Langmuir4, 884 (1986).
[18] Bodas, D., Rauch, J. Y., and Khan-Mark, C.,European Polymer Journal44,
2130–2139 (2008).
[19] Zhu, Y., Otsubo, M., Honda, C., and Tanaka, S.,Polymer Degrad. and Stab.91,
1448–1454 (2006).
[20] Bhoj, A. N. and Kushner, M. J.,IEEE Transactions on Plasma Science33(2),
250–251 (2005).
16
